Work by our group and others employed the within-participants variability in peak grip aperture as a 'just-noticeable-difference' (JND) in grasping. Notably, our group reported that grasping responses with decoupled spatial relations between stimulus and response (i.e., pantomime-grasping) produced JNDs that increased linearly with increasing target object size (i.e., adherence to Weber's law) and interpreted that result as law-based evidence of aperture shaping via relative visual information. In contrast, Utz et al. (2015) reported that pantomime-grasping elicits an inverse JND/object size relationship and proposed that JNDs in grasping do not reflect the sensory properties of a target object but rather reflect range effects in the biomechanical limits of aperture opening (i.e., the biomechanical hypothesis). Thus, the biomechanical hypothesis asserts that small objects have a larger range of possible aperture values than larger objects due to reduced biomechanical freedom associated with the hand's effective range of motion. To test the biomechanical hypothesis we measured participants' maximal thumb and forefinger separation and custom-built target objects with widths that matched decile increments (i.e., 10 through 80%) of each participant's effective range of motion. Results showed that JNDs increased linearly with increasing target object size -a result incompatible with the biomechanical hypothesis. Instead, the JND/object size relationship observed here supports convergent evidence that pantomime-grasping is a perception-based task mediated via relative visual information.
Introduction
Pantomime-grasping requires dissociating the spatial relations between a stimulus and a response (SR). For example, work by our group (Holmes, Lohmus, McKinnon, Mulla, & Heath, 2013) presented differently sized target objects (20, 30, 40 and 50 mm) 150 mm to the left of participants' midline and instructed them to imagine grasping the target object as if it were located at their midline (i.e., a 'traditional' pantomime-grasping task; see also Goodale, Jakobson, & Keillor, 1994) . To identify the nature of the visual information mediating aperture shaping, Holmes et al. computed just-noticeable-difference (JND) scores and examined whether responses adhered to, or violated, the relative psychophysical principles of Weber's law. Notably, JNDs in grasping are computed via the within-participants standard deviation of peak grip aperture (PGA) (e.g., Ganel, Chajut, & Algom, 2008; Ganel, Chajut, Tanzer, & Algom, 2008; Heath, Holmes, Mulla, & Binsted, 2012; Heath, Mulla, Holmes, & Smuskowitz, 2011; Pettypiece, Goodale, & Culham, 2010) and according to Ganel et al. provide a measure of visuomotor uncertainty by which ''. . .the performer is unable to tell the difference between the size of the comparison and the target" (p. 600). Holmes et al. showed that JNDs increased linearly with increasing target object size. In other words, pantomime-grasps adhered to Weber's law and this finding was interpreted as law-based evidence that dissociating SR spatial relations renders aperture shaping via non-veridical perceptionbased comparisons between target object size and grip aperture (i.e., relative visual information) (for review of JNDs in grasping see Heath, Davarpanah Jazi, & Holmes, 2015) .
Recent work by Utz, Hesse, Aschenneller and Schenk (2015) employed a mirror-box apparatus that occluded limb vision but permitted continuous target vision to examine JNDs 1 in several conditions in which participants were instructed to grasp ''quick and accurately". The condition germane to the present investigation is Utz et al's 'grasping with dissociated position' wherein a target object seen at one position was grasped at a different positiona task involving dissociated SR spatial relations and described by the authors as being similar to pantomime-grasping. Utz et al. included target objects with widths of 20, 30, 50 and 70 mm and reported an inverse JND/object size relationship -a pattern opposite to . In accounting for their findings, Utz et al. employed the principle that in grasping the thumb and forefinger open wider than veridical target object size (i.e., the safety margin strategy) to: (1) avoid an object collision, and (2) apply opposing forces at object contact (for review see Smeets & http://dx.doi.org/10.1016/j.visres.2016.09.018 0042-6989/Ó 2016 Elsevier Ltd. All rights reserved.
1 Utz et al. (2015) do not generally use the term JNDs in their study; rather, they employ 'variability in the maximum grip aperture'. For simplicity however, throughout the present study we employ JNDs to refer to within-participants standard deviation in peak grip aperture. employed target objects ranging from 20 to 50 mm, and as a result the reported linear JND/target object size relationship may be limited to that specific range and size of target objects. To address that possible limitation, and to test the theoretical tenents of the biomechanical hypothesis, we examined traditional pantomime-grasps to target objects with widths that were custom-built to match decile increments (i.e., 10%, 20%, . . .. . ., 70% and 80%) of individual participants' maximal aperture separation. Target object sizes therefore proportionately increased with an individual participant's biomechanical aperture limit, and produced mean PGAs that approached their biomechanical aperture limit. If the biomechanical hypothesis is correct then pantomime-grasping JNDs should decrease (or asymptote) for target objects that approach maximal aperture separation. In turn, if JNDs systematically increase with increasing target object size then results would support the interpretation that pantomime-grasps adhere to Weber's law and are mediated via relative visual information.
Methods

Participants
Nine right-handed participants (5 female, age range = 20-30 years) with normal or corrected-to-normal vision volunteered for this study. Participants read and signed consent forms approved by the Office of Research Ethics, University of Western Ontario, and this work was conducted in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Apparatus and procedures
Participants sat in front of a table (height = 780 mm, depth = 760 mm, width = 1060 mm) with target objects positioned 150 mm to the left of their midline and at a depth of 450 mm from the front edge of the table. Participants were required to precision pantomime-grasp the long-axis of target objects at a midline position and at the same depth as the target object. In particular, participants were instructed to ''Imagine grasping the target object as if it were located at your midline". Prior to an experimental session we measured each participants' maximal aperture separation by asking them to fully (but comfortably) extend and respectively adduct and abduct their thumb and forefinger. Subsequently, participant-specific target objects were constructed with widths that matched decile increments (i.e., from 10 through 80%) of an individual participant's maximal aperture separation. The mean maximal aperture separation for our participants was 128 mm (range: 110-150 mm). Target objects were acrylic, painted flat black and were 10 mm in height and depth. Shutter-goggles (PLATO Translucent Technologies, Toronto, ON, Canada) coupled with MATLAB (7.9.0: The MathWorks, Natick, MA, USA) and the Psychophysics toolbox extensions (ver 3.0) (Brainard, 1997) were used to control all auditory, visual and computer events.
At the start of each trial, participants rested the medial surface of their grasping hand (with thumb and forefinger pinched lightly together) on a pressure sensitive switch (i.e., the home position) located at their midline and 50 mm from the front edge of the tabletop. During this time the shutter goggles were set to their translucent state while the experimenter positioned a target object on the tabletop. Once a target object was positioned, the shutter goggles were set to their transparent state for a 2000 ms visual preview after which time a tone (i.e., 2900 Hz for 50 ms) cued participants to initiate their response in a bandwidth between 600 and 800 ms. The shutter goggles remained transparent during a trial allowing continuous limb and target vision. Participants completed 20 trials to each target object size (i.e., 10, 20, 30, 40, 50, 60, 70 and 80% of maximal aperture separation) and target objects were pseudo-randomly ordered.
Data collection, dependent variables and statistical analyses
Data collection (i.e., OPTOTRAK Certus: Northern Digital Inc. Waterloo, ON, Canada) and data-post processing were the same as previous work by our group . Dependent variables included grasping time (GT: time from movement onset to movement offset), peak grip aperture (PGA: maximal resultant distance between thumb and forefinger), time to peak grip aperture (tPGA: time from movement onset to PGA) and justnoticeable-difference (JND) scores computed at PGA. JNDs were computed via within-participant standard deviations in PGA computed separately for participant-specific target objects (see Fig. 1 for a graphical demonstration of JND computation). Dependent variables were submitted to one-way repeated measures ANOVAs with target object size as the repeated factor (i.e., target object size: 10, 20, 30, 40, 50, 60, 70 and 80% of maximal aperture separation). F-ratios were corrected for violations of sphericity using the Huynh-Feldt correction (corrected degrees of freedom reported Fig. 1 . The main panel presents trial-to-trial peak grip aperture (PGA: mm) for an exemplar participant as a function of target object sizes created to match decile increments in the participant's maximal aperture separation (i.e., 10 through 80% of maximal aperture separation). The numerical values placed above the tic marks on the abscissa represent the veridical target object size (in mm) corresponding to each decile of maximal aperture separation. The inset panel presents the within-participant standard deviations (i.e., the just-noticeable-difference: JND) for the associated PGAs. Further, the inset panel shows the linear regression line and reports the associated regression equation and proportion of explained variance (R 2 ).
to one decimal place) and post hoc contrasts were decomposed via power-polynomials (Pedhazur, 1997).
Results
Mean GT and tPGA were 701 ms (SD = 27) and 633 ms (SD = 56) respectively, and these variables did not yield any manipulationrelated effects, all F(7, 56) < 1.86, ps > 0.17, g p 2 = 0.19. The main panel of Fig. 1 shows trial-to-trial PGAs for an exemplar participant and demonstrates that the spread of values increased with target object size. The inset panel of Fig. 1 presents the withinparticipant standard deviations (i.e., the JNDs) of the PGAs presented in the main panel and shows that values increased systematically with target object size. Quantitative analyses of PGA and JND revealed reliable effects of target object size (PGA: F (1.5, 12.7) = 104.69, p < 0.001, g p 2 = 0.93; JND: F(3.7, 29.8) = 6.45, p < 0.01, g p 2 = 0.45). The main panel of Fig. 2 shows that PGAs and JNDs increased linearly with increasing target object size (significant linear effects: all Fs(1, 8) = 137.59 and 13.77, ps < 0.01), and hierarchical analyses showed that higher-order polynomials did not provide a reliable improvement in model fits. The offset panels of Fig. 2 show the mean participant-specific slopes relating PGAs and JNDs to target object size and their 95% betweenparticipant confidence intervals. The panels graphically depict that slope values differed from zero.
Discussion
We examined whether variability in grip aperture reflects range-effects in the biomechanical constraints of aperture opening (Utz et al., 2015) . Accordingly, participants performed a 'traditional' pantomime-grasping task (Cavina-Pratesi, Kuhn, Ietswaart, & Milner, 2011; Goodale et al., 1994; wherein the size of target objects was matched to decile increments of individual participants' maximal aperture separation.
The timing and magnitude of peak grip aperture (PGA)
PGA onset (i.e., tPGA) occurred at 90% of GT. Although tPGA is later than that associated with grasping responses entailing overlapping SR spatial relations (i.e., 75% of GT) (see Jeannerod, 1984) , results are consistent with Goodale et al. (1994) and who reported pantomime-grasp tPGAs of 85% and 87% of GT, respectively 2 . The later onset of tPGA coupled with the fact that PGAs in the present investigation were less than the veridical size of target objects (i.e., PGAs were on average 0.9 times that of veridical object size) is not surprising because: (1) the target object was not physically present at the movement goal location, and thus there was no risk of an object collision, and (2) there was no requirement to apply grip load forces that were normal to the long-axis of the target object. In other words, a 'safety margin' strategy was not required because the participant determined the PGA necessary for a successful response (see also Davarpanah Jazi, Yau, Westwood, . In contrast, Utz et al. reported that PGAs in their grasping with dissociated spatial positions task occurred at 62% of GT, and average PGAs for their 20, 30, 50 and 70 mm target objects were 77, 82, 91 and 97 mm, respectively. In other words, PGAs in their spatially dissociated task were on average 2.4 times larger than the veridical size of target objects. We feel it important to highlight this point because it emphasizes that the difference in JND scaling between our work and Utz et al. may not reflect visual or biomechanical differences in aperture shaping; rather, the discrepancy may reflect between-experiment methodological differences and the adoption of distinct movement strategies (see also Whitwell & Buckingham, 2013; Whitwell, Ganel, Byrne, & Goodale, 2015) .
JNDs increase linearly with increasing target object size
The biomechanical hypothesis asserts that JNDs in pantomimegrasping should decrease (or possibly asymptote) with increasing target object size. The present results showed that JNDs increased linearly with increasing target object size and the slope of the JND/target object relationship (0.04) is similar to our group's previous work (Holmes et al., 2013 = 0.07; Davarpanah Jazi & Heath, 2016b = 0.07) . Accordingly, our findings are incompatible with the biomechanical hypothesis. Moreover, we note that many of the target objects used here were larger than the largest target object employed by Utz et al. (i.e., 70 mm) . In particular, the target objects constructed to be 60% of participants' maximal grip aperture separation ranged in width from 66 to 90 mm, whereas the ) for PGA and JND. Error bars represent the 95% within-participant confidence intervals (Loftus & Masson, 1994) . The offset panels show mean slopes relating PGA (top panel) and JND (bottom panel) to target object size. Error bars represent 95% between-participant confidence intervals and the absence of overlap between a confidence interval and zero can be interpreted inclusive to a test of the null hypothesis. 70% (range: 77-105 mm) and 80% (range: 88-120 mm) target objects were larger than any target object employed by Utz et al. As well, the target objects used here had the advantage of producing mean PGA values that approached each individual participant's anatomical limit in aperture opening. We therefore used a range of target object sizes that were closer to participants' individual biomechanical limit of aperture shaping than employed by Utz et al. As such, the linear JND/target object size relationship observed here demonstrates that pantomime-grasps adhere to Weber's law and supports the convergent view that dissociating SR spatial relations renders aperture shaping via relative visual information.
A final issue we address is why the present findings (see also show a linear increase in JNDs with increasing target object size, whereas Utz et al. (2015) spatially dissociated grasping task produced an inverse JND/target object size relationship. One possibility is that the 'traditional' pantomime-grasp employed here did not provide participants with an opportunity to physically interact with the target object, whereas Utz et al's task did. The absence of a haptic feedback may therefore result in traditional pantomime-grasps being more reliant on relative visual information for aperture shaping (for visuo-haptic calibration see Davarpanah Jazi & Heath, 2016a; Schenk, 2012) . Importantly, however, recent work by our group contrasted the pantomime-grasping condition used here with one involving experimenter-induced haptic feedback (i.e., the experimenter placed a physical object between participants thumb and forefinger at the end of their grasping response) (Davarpanah Jazi & Heath, 2016b) 3 . Results showed that pantomime-grasps adhered to Weber's law regardless of the provision of haptic feedback. A second and more parsimonious possibility is that the mirror-box apparatus used by Utz et al. entailed a movement strategy that is different from a traditional pantomime-grasping task. In support of this view, Whitwell, Milner, Cavina-Pratesi, Barat, and Goodale (2014) observed that healthy controls and patient DF -an individual with a visuoperceptual deficit arising from bilateral lesions to the lateral occipital cortex of her ventral visual pathway (James, Culham, Humphrey, Milner, & Goodale, 2003) -demonstrated reduced grip aperture scaling in a mirror-box task compared to a standard grasping task. Moreover, Whitwell et al. reported that participants perceived the mirror-box as a ''weird" environment for grasping, and specifically commented on the ''strangeness" of not seeing their moving hand in spite of being able to see the environment where their hand should have been. These findings indicate that the mirror-box apparatus may engender a learning-based movement environment (i.e., specificity of practice hypothesis: Proteau, Marteniuk, & Lévesque, 1992 ) that does not provide a direct environment for examining the nature of the visual information mediating pantomime-grasping. Moreover, previous studies examining JNDs in classic method of adjustment and manual estimation Davarpanah Jazi et al., 2015a; Ganel, Chajut, & Algom, 2008; Ganel, Chajut, Tanzer et al., 2008; Heath et al., 2011; Holmes, Mulla, Binsted, & Heath, 2011) tasks have reported JND/target object size slopes comparable to that reported here and in our group's previous pantomime-grasping studies (Davarpanah Jazi & Heath, 2016a,b; . Accordingly, we believe that the within-participant standard deviations in grasping provide a law-based measure of whether grasping responses adhere to, or violate, the psychophysical principles of Weber's law and can be used to determine the nature of the visual information mediating traditional pantomime-grasping.
